Following exposure to genotoxic stress, proliferating cells actively slow down DNA replication through an S phase checkpoint to provide time for repair. The ATM-dependent pathway plays an important role in the S phase checkpoint response following ionizing irradiation. We report that there is a stronger S phase checkpoint response in irradiated Ku80 7/7 cells as compared with their wild-type counterparts, which has no relationship to DNA-dependent protein kinase (DNA-PK) activity but correlates with a higher ATM activity and with more ATM bound to chromatin DNA in such cells. Wortmannin, a nonspecific inhibitor of ATM, not only reduces the higher activity of ATM kinase, but also abolishes the stronger S phase checkpoint response in Ku80 7/7 cells. Furthermore, a specific ATM antisense oligonucleotide abolishes the stronger S checkpoint response in Ku80 7/7 cells and renders these cells practically indistinguishable from Ku80 +/+ cells for this endpoint. These results in aggregate indicate that the stronger S checkpoint in irradiated Ku80 7/7 cells is due to the higher ATM kinase activity.
Introduction
In response to ionizing irradiation, proliferating cells slow down progression through S phase by activating a DNA damage-induced checkpoint: S phase (S) checkpoint (Elledge, 1996; Paulovich and Hartwell, 1995; Paulovich et al., 1997; Zhou and Elledge, 2000) . Similar to the G1 and G2 checkpoint responses, the S checkpoint response is also an active process regulated through protein kinase pathways (Paulovich et al., 1997) , which is believed to promote DNA repair and benefit genomic integrity (Paulovich and Hartwell, 1995) . The pathways regulating the S checkpoint are conserved in organisms from yeast to human. However, the mechanism of the DNA damage-induced S checkpoint remains incompletely understood. Ataxia telangiectasia (AT) cells of which ATM is mutant showed deficient fast response of S checkpoint (Painter and Young, 1980; Xu et al., 2001; Zhou et al., 2002) as well as abnormal G1 and G2 checkpoint responses and deficient DNA homologous recombination (HR) repair (Morrison et al., 2000) after IR. Therefore, AT cells are very sensitive to ionizing radiation (IR).
More than a decade ago it was reported that when compared with their wild-type counterparts, the IR sensitive mutants of Chinese hamster ovary (CHO) cell lines showed a stronger and longer inhibition of DNA synthesis (Jeggo, 1985) . Now these mutant CHO cells are known to be deficient in Ku80 (Boubnov et al., 1995; Getts and Stamato, 1994; Rathmell and Chu, 1994) . Ku is a heterodimeric protein, containing two subunits, Ku80 and Ku70, both of which bind with high affinity to double-strand DNA (dsDNA) ends. Ku recruits and activates DNA-dependent protein kinase catalytic subunits (DNA-PKcs), and promotes end ligation catalyzed by several DNA ligases (Nick McElhinny et al., 2000; Ramsden and Gellert, 1998; Teo and Jackson, 2000; Wang et al., 2001) . Ku is an essential component of DNA double-strand breaks (DSBs) non-homologous end-joining (NHEJ) repair pathway in mammalian cells, and its deficiency leads to extreme sensitivity to IR (Li et al., 1998; Nussenzweig et al., 1996 Nussenzweig et al., , 1997 Zhu et al., 1996) . Why did the enhanced inhibition of DNA synthesis, the stronger S checkpoint response, exist in these irradiated Ku80 mutant cells? The phenotype is in contrast to the results shown in AT cells. One interpretation is that the NHEJ repair defect in these Ku80 mutant cells resulted in the accumulation of lesions, which blocked DNA synthesis (Jeggo, 1985) . However, until now, the mechanism remains unclear.
In the present study we focus on the role of Ku in the regulation of IR-induced S checkpoint by using the gene-targeted cells. Our results reveal that the stronger inhibition of DNA replication observed in Ku80 7/7 cells, as compared to their wild-type counterparts, derives from a stronger activation of the S checkpoint response that requires ATM, which uncovers the inhibitory role of Ku in the activation of ATMdependent pathway following IR.
Results and discussion
Stronger S checkpoint response shown in Ku80 7/7 cells
The IR-induced S checkpoint response is typically quantitated as a transient decrease in [ 3 H]-thymidine incorporation after irradiation (Painter and Young, 1980; Xu et al., 2001) . It was previously reported that Ku80 deficient cells display a stronger inhibition of DNA synthesis following IR than their wild-type counterparts (Jeggo, 1985) . Because the stronger S checkpoint response shown in these CHO mutant cells may also derive from genetic alterations other than the Ku80 defect and in an effort to test the generality of the observation, we examined mouse Ku80 knock-out cells for the inhibition of DNA synthesis following IR. The results obtained are shown in Figure 1 . Compared with their wild-type counterparts, Ku80 7/7 cells show an enhanced inhibition of DNA synthesis after IR (Figure 1a ,b) suggesting a stronger S checkpoint response in the absence of Ku80. We examined the DNA synthesis rate in irradiated Ku80-1 cells in which human Ku80 CDNA was transfected into Ku80 deficient cells (Figure 2b , dash line) to confirm that the stronger S checkpoint response in Ku80 7/7 cells is because of Ku80 deficiency. The data showed that when the cells have Ku80, the inhibition of DNA synthesis is reduced, indicating that absence of Ku80 is specific for maintaining the stronger S checkpoint response. These observations confirm and extend earlier observations in CHO mutant cells (Jeggo, 1985) .
Ku80 is required for DNA-PKcs activation by binding to DNA ends. To examine whether the stronger S checkpoint response in Ku80 7/7 cells is a direct consequence of the Ku defect or an indirect result of the associated loss in DNA-PK activity, we measured DNA synthesis in DNA-PKcs knock-out cells exposed to IR ( cells, which suggests a direct role of Ku80 in the modulation of the S checkpoint response after exposure to IR. These results are consistent with a report recently published (Fukushima et al., 2001) , which showed more prominent enhancement of DNA HR repair in Ku deficient cells but not DNA-PKcs deficient cells. The more efficient HR shown in Ku deficient cells might be associated with the stronger S checkpoint response in such cells, because HR repair occurs specifically in late S and G2 phase of the cell cycle (Takata et al., 1998) . +/+ and Ku80 7/7 cells (Nussenzweig et al., 1997; Wachsberger et al., 1999) and DNA-PK +/+ (solid line only, data show the average of the results from three independent experiments) DNA-PK 7/7 (dash line only, data show the average of the results from three independent experiments) cells (Kurimasa et al., 1999) . The methods were similar to those described before (Wang and Iliakis, 1992) . (b) DNA synthesis was examined 3 h after various doses of IR in Ku80 +/+ and Ku80 7/7 cells and Ku80-1 (dash line). (c) wortmannin affects the DNA synthesis in irradiated Ku80 7/7 cells. Ku80 +/+ and Ku80 7/7 cells were treated with 10 mM wortmannin for 30 min before IR, then the DNA synthesis was examined 3 h after various doses of IR in such cells. Data shown are the averages from three independent experiments cells. (a) ATM kinase activity was measured with the nuclear extracts prepared with NE-PER TM reagents (Pierce), according to the manufacturer's instructions, 3 h after 10 Gy irradiation. Nuclear extracts (500 mg) were mixed with 1 mg of ATM antibody (GeneTex) in the presence of 20 ml of a 50% (v/v) protein A-Sepharose slurry (Gibco -BRL) in 500 ml of Buffer A (0.2% Tween 20, 1 mM Na 3 VO 4 , 5 mM NaF, 0.2 mM PMSF in PBS buffer) and gently rotated overnight at 48C. Immune complexes were washed twice with Buffer A, then twice with Buffer B (10 mM HEPES, pH 8.0, 50 mM NaCl, 10 mM MgCl 2 , 10 mM MnCl 2 , 1mM DTT). The kinase immunoprecipitate was incubated at 308C for 30 min with 1 mg of PHAS-1 (Stratagene) in 25 ml Buffer B containing 5 mCi [g-32 P]ATP. Samples were analysed by 12% SDS -PAGE and the kinase activities were determined by the incorporation of 32 P into PHAS-1 protein using the PhosphoImager. (b) Results were obtained by quantitating gels from three independent experiments. The first bar in each group, (Ku80 +/+ or Ku80
) is the data from non-irradiated control cells, the second is from non-irradiated control cells added with wortmannin, the third is from irradiated cells and the fourth is from irradiated cells added with wortmannin
The stronger S checkpoint response in Ku80 7/7 cells is sensitive to wortmannin Recent results from our laboratory suggest that there are two distinct but complementary pathways in the regulation of the S phase checkpoint, which rely on the ATM and ATR kinases, respectively (Zhou et al., 2002) . The ATM-dependent pathway is the fast response (immediately after IR and maintains *2 h) that is ATM-dependent and sensitive to wortmannin. The ATR-dependent pathway is the slow response (occurs *1 -6 h after IR) that is ATM-independent, ATR/CHK1-dependent and resistant to wortmannin (Zhou et al., 2002) . To examine which of these pathways is involved in the response of Ku80 7/7 cells, we examined the effect of wortmannin on IRinduced inhibition of DNA synthesis in Ku cells. Wortmannin at 10 mM had only a small effect on the rate of DNA synthesis in irradiated Ku80 +/+ cells, which is similar to our previous report (Zhou et al., 2002) , the DNA synthesis inhibition at *3 h after IR is mainly regulated by the ATM-independent pathway. Therefore, wortmannin, the ATM non-specific inhibitor, had little effect on the inhibition of DNA synthesis in irradiated Ku80 +/+ cells at this time. However, wortmannin reduced significantly the inhibition of DNA synthesis in irradiated Ku80 7/7 cells ( Figure  1c) . Notably, after wortmannin treatment, IR-induced inhibition of DNA synthesis is very similar in Ku80 +/ + and Ku80 7/7 cells (Figure 1c) . Because wortmannin at 10 mM inhibits the activity of ATM as well as DNA-PK (Sarkaria et al., 1998) 
and Ku80
7/7 cells lack DNA-PK activity, the effects of wortmannin on the DNA synthesis in such cells following IR is likely due to the inhibition of ATM activity.
Higher ATM activity correlates with the stronger S checkpoint response in Ku80 7/7 cells ATM plays an important role in the fast response of the S checkpoint in mammalian cells following IR (Painter and Young, 1980; Xu et al., 2001; Zhou et al., 2002) . To investigate whether ATM activation is responsible for the stronger S checkpoint response in irradiated Ku80 7/7 cells, we examined the ATM activity in Ku cells. The basal level of ATM activity in Ku80 7/7 cells is higher than that in Ku80 +/+ cells (Figure 2 ). The ATM activity in both Ku80 +/+ and Ku80 7/7 cells was higher at 3 h after IR compared with that in non-irradiated cells, but the level in irradiated Ku80 7/7 cells was much higher than that in irradiated Ku80
+/+ cells (Figure 2 ). After wortmannin treatment, ATM activity decreased in both Ku80 +/+ and Ku80 7/7 cells (Figure 2 ). These results correlated with the DNA synthesis data shown in Figure 1 . At 3 h after IR, the ATM-dependent pathway is still highly activated in Ku80 7/7 cells. Therefore, wortmannin abolished the stronger inhibition of DNA synthesis in Ku80 7/7 cells. These results provide further evidence that the higher ATM activity is responsible for the stronger S checkpoint in irradiated Ku80 7/7 cells.
At 3 h following IR there is almost no DSBs left in Ku80
+/+ cells, but lots of unjoined DNA DSBs remain in Ku80 7/7 cells (Wachsberger et al., 1999) and DNA-PKcs deficient cells (DiBiase et al., 2000) . The results that the stronger S checkpoint response only exists in Ku deficient cells but not in DNA-PKcs deficient cells following IR at this time could be explained with two reasons. First, Ku affects the S checkpoint response through an NHEJ-independent role and DNA-PKcs does not have such a role. Second, Ku affects the S checkpoint response through an NHEJ-dependent role and DNA-PKcs has such a role but not as strong as Ku has. More DSBs were observed in Ku deficient cells than in DNA-PKcs deficient cells following IR (DiBiase et al., 2000; Wachsberger et al., 1999) and Ku deficient cells are more sensitive to IR-induced killing than DNA-PKcs cells (Kurimasa et al., 1999; Nussenzweig et al., 1997) .
The results that higher ATM activity was shown in Ku80 7/7 cells than in Ku80 +/+ cells even without IR suggest that another Ku-related, but DNA damageindependent mechanism, also regulates ATM activation. To test whether Ku directly affects ATM activity, we measured ATM activity in extracts of Ku80 7/7 cells supplemented with purified Ku. Addition of purified Ku (Cary et al., 1997; Hsu et al., 2000) in the reaction has no effect on the ATM kinase activity of Ku80 7/7 cell extracts (data not shown). This result indicates that Ku80 does not directly inhibit ATM activity under such condition. However, we cannot exclude the possibility that Ku could inhibit the ATM activity directly or indirectly in vivo.
Down regulation of ATM abolishes the stronger S checkpoint response in Ku80
7/7 cells To further determine that the stronger S checkpoint response in irradiated Ku80 7/7 cells is due to the higher ATM activity, we measured the effects of ATM antisense oligonucleotide on the DNA synthesis of irradiated Ku cells. The results are shown in Figure 3 . The ATM antisense oligonucleotide specifically inhibited ATM expression in both the Ku80 +/+ and the Ku80 7/7 cells (Figure 3b ). Under these conditions, the rate of DNA synthesis in irradiated Ku80 +/+ cells did not change very much, but the stronger inhibition of DNA synthesis in irradiated Ku80 7/7 cells was abolished (Figure 3a) . These results are consistent with the DNA replication data (Figure 1 ) as well as with the ATM activity data (Figure 2 ) and provide the direct evidence that ATM plays a key role in the stronger S checkpoint response of irradiated Ku80 7/7 cells.
More ATM binds to chromatin DNA in Ku80 7/7 cells following IR Mammalian cells have two major complementary DSBs repair pathways: NHEJ and HR. Ku is an essential factor for NHEJ process and ATM is involved in HR repair process (Morrison et al., 2000) . Compared with the wild-type cells, ATM gene mutated cells show higher sensitivity to killing by DNA DSBs inducers such as IR but not by other types of DNA damage inducers such as UV radiation. This indicates that DNA DSBs are the signals to directly or indirectly activate ATM pathway. ATM could directly bind to DNA ends (Smith et al., 1999) , which is similar to the characteristics of Ku protein. Also the model of Ku competing with other HR protein for DNA binding (Dyck et al., 1999) encouraged us to test whether Ku affects ATM function by competing with ATM for the DNA binding activity.
We examined the activities of Ku and ATM binding to dsDNA. The results of dsDNA probe binding are similar to a previous report (Getts and Stamato, 1994) , which showed that the dsDNA probe binding ability is Ku specific (Figure 4a ). With the amount of nuclear extracts increasing, Ku80 +/+ cells show increased signals of binding to the 32 P-labeled dsDNA probe and Ku80
7/7 cells do not show any such binding signals ( Figure 4a ). Next, we tested whether Ku could affect the ability of ATM binding to chromatin DNA as described in the Figure 4 legend. There were barely seen signals of ATM and Ku bound to chromatin from non-irradiated Ku80 +/+ cells, and more signals of ATM and Ku bound to chromatin from irradiated Ku80 +/+ cells, indicating that both ATM and Ku prefer binding to damaged DNA. Without Ku, some ATM signals came out with the chromatin from nonirradiated cells (Figure 4b ), which might explain why the ATM activity in non-irradiated Ku80 7/7 cells is higher than that in non-irradiated Ku80 +/+ cells (Figure 2 ). Following IR, more ATM bound to the chromatin DNA in Ku80 7/7 cells than in Ku80
+/+ cells (Figure 4b ), suggesting that Ku80 either competed with or complemented ATM to bind to damaged DNA and therefore higher ATM activities were shown in irradiated Ku80 7/7 cells. These results might also explain the observations that stronger and longer G2 delay existed in Ku80 7/7 cells than in Ku80 +/+ cells following IR (data not shown), because ATM is also involved in DNA damage induced G2 checkpoint regulation.
In this study, we found that a stronger S checkpoint response exists in irradiated Ku80 7/7 cells and the ATM-dependent pathway regulates this response. Because Ku is an essential factor for DNA NHEJ repair and ATM is a kinase related to HR repair, the NHEJ defected cells showed higher activity of HR (Hu et al., 2001) . Briefly, 1.0 mM antisense oligonucleotides were added to serum-free MEM medium containing 20 ml/ ml OLIGOFECTAMINE TM reagent. This preparation was added to 30% confluent Ku cells cultured in 60-mm plates. After 4.5 h, additional DMEM medium (0.5 ml) with 30% iron-supplemented calf serum was added to the culture for an additional 24 h. The cells then were either irradiated, measured for the DNA synthesis as described above, or were collected for Western blot. The DNA synthesis was examined 3 h after 0, 5 and 10 Gy of irradiation in such cells. Data shown are the average from three independent experiments. (b) The levels of ATM expression were measured with Western blot in either ATM antisense or ATM sense oligonucleotides treated Ku cells. ATM antibody was used (GeneTex). GAPDH was measured as the internal control Figure 4 Both ATM and Ku preferred binding to damaged-DNA. (a) The abilities of DNA binding were measured by using 32 P-labeled dsDNA probes with the nuclear extracts of Ku cells as described (Getts and Stamato, 1994) . (b) The abilities of chromatin DNA binding were examined by modifying the method with NE-PER TM kit (PIERCE). Briefly, 2610 7 cells were collected for each sample preparation. The preparations of cells lysis and cytoplasmic extracts were according to the manufacturer's instruction. After the pellets were suspended in nuclear extract buffer (NER) provided in the kit, the samples were vortexed at the highest speed for 15 s and kept in ice for 5 min. The samples were centrifuged at 16 000 r.p.m. for 10 min and the supernatant (nuclear extract) fractions were transferred to clean tubes. The pellets were washed once with RIPA buffer then were re-suspended in 50 ml of RIPA buffer. The samples were sonicated for 15 s and repeated three times. The sample was analysed by 8% SDS -PAGE. The antibodies of ATM (GeneTex) and Ku 80 (sc-1484, Santa Cruz) were used in the Western blot related protein after DNA damage, which suggests complementary roles between NHEJ and HR. To further study the mechanism of higher ATM activity in Ku deficient cells will help us to understand not only the relationship of NHEJ and HR, but also the relationship of checkpoint response and DNA repair.
